Introduction
Skin plays a variety of important roles including sensory, thermoregulatory, host defense, etc., which are essential in protecting the human body. However, in extreme environment, uncomfortable feeling or pain sensation is evocated due to excessive heat or cold. Obviously, skin fails in protecting the human body when the temperature moves out of normal physiological range. Furthermore, in medicine, with advances in electromagnetic technologies such as laser and microwave, various thermal therapeutic methods have been widely used to cure disease/injury involving skin tissue. The associated problem of pain relief has nonetheless limited the further application and development of these thermal treatments.
As one of the most important sensations, pain has been studied extensively for a long time over a range of scales, from molecular level ͑such as ion channel͒ to the entire human neural system level. Thermal stimulation, as one of the three main stimulations for pain ͑thermal, mechanical, and chemical͒, has been widely used in the pain study ͓1,2͔. However, the understanding of the underlying mechanisms of thermal pain is still far from clear, the main reason being that pain is influenced by many factors, including both physiological and psychological factors. Quantitative modeling and simulation of pain sensation, backed by experiments, are urgently needed before pain study as a science could be established.
Although the utilization of computational models in the field of pain has been very limited and attempts at modeling pain have generally focused on acute pain, there are strong arguments for mathematical modeling of pain ͓3,4͔. So far, several mathematical models have been developed at different levels: at the molecular level and cellular level ͓3,5-11͔ and at the level of neuron network ͓12,13͔. However, none of these models has considered morphological plausibility and the biothermomechanical response of skin tissue, or correlated external stimulus parameters directly with pain sensation level, and no transmission process has been considered. For example, the gate control theory has been used to extrapolate the relevant features of pain and was translated into a mathematical model by Britton and Skevington ͓3,9-11͔. However, the model only considers the perception and modulation processes of pain sensation at spinal cord and brain. It has not taken into account the transduction process occurring at the skin tissue.
To address all the above issues, we have previously proposed a holistic model of skin thermal pain according to the current understanding of pain pathway ͓14͔. The model is composed of three submodels: model of transduction, model of transmission, and model of perception and modulation, as schematically shown in Fig. 1 . The development of the first submodel, namely, model of transduction, is presented in this paper.
For simplicity, this study only attempts to model superficial nociceptive acute pain ͑i.e., neuropathic pain and chronic pain are not considered͒. Additionally, psychological factors that may influence pain are not modeled. In the following sections, with emphasis placed on the transduction function of nociceptors, the mechanisms of skin thermal pain are first described; the development of nociceptor transduction model is subsequently presented, which is composed of three submodels: biothermomechanical model of skin tissue, model of current generation, and model of frequency modulation; finally, a case study of surface heating is carried out and the model prediction is compared to existing experimental observations.
Skin Thermal Pain
The International Association for the Study of Pain defines pain as "an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage." Generally, pain can be classified as nociceptive pain, inflammatory pain, and neuropathic pain, and nociceptive pain is chosen as the subject of this paper. It refers to the pain sensation due to the activation or sensitization of peripheral nociceptors. The physiology of nociceptive pain has been studied extensively ͓15-18͔. The pain pathway is composed of four parts, namely, transduction, transmission, perception, and modulation, as schematically shown in Fig. 1 . As the focus of this paper, the transduction function of nocicetors is modeled. Transduction is the process when a stimulus is applied to the skin; the nociceptors located there trigger action potentials by converting the physical energy from a noxious thermal, mechanical, or chemical stimulus into electrochemical energy.
Nociceptors, the special receptor for pain sensation, are the first cells in the series of neurons leading to the sensation of nociceptive pain. Nociceptors transduce mechanical, chemical, and/or thermal energy into ionic current ͑noxious stimuli into depolarizations that generate action potentials͒, conduct action potentials from the peripheral sensory site to the synapse in the central nervous system, and convert the action potentials into neurotransmitter release at the presynaptic terminal ͑frequency modulation͒ ͓19͔. Nociceptors with sensory terminals in skin have been widely studied and have been found to be traced far into the epidermal layer ͓20͔.
All the essential functions of nociceptors depend on ion channels ͓15,19͔, which are integral membrane proteins found in all cells that mediate the selective passage of specific ions or molecules across a cell membrane ͓21͔. The ion channels are generally converted from closed to open states-or "gated"-by mainly three types of stimulus, namely, thermal ͑hot or cold͒, mechanical, and chemical stimuli. Although not directly gated by stimuli, channels that are gated by changes in transmembrane voltage form a very important class of channels. These voltage-gated channels that respond to membrane depolarization or hyperpolarization are central to the generation and transmission of electrical signals along nerve axons ͓22͔.
When a noxious stimulus is applied to a nociceptor ͑larger than the threshold͒, the corresponding ion channels will be opened, which will induce a current through the nociceptor membrane and increase the membrane voltage. When the membrane voltage increases more than the threshold, the current will then open more channels in a positive feedback mode that results in membrane depolarization, generating eventually the action potential. For example, when a thermal loading is applied to a nociceptor, the heat activated channels will be opened. The corresponding heat current and action potential are shown in Figs. 2͑a͒ and 2͑b͒, respectively.
Although a tremendous amount of work has been done on the histomorphology and electrophysiology of skin thermal pain nerve circuits, the exact coupling between the neural and thermomechanical participations is yet precisely known.
Model Development
According to the above description of nociceptor transduction mechanisms, the proposed model is composed of three submodels: biothermomechanical model of skin tissue, model of current generation, and model of frequency modulation. Each of these models is presented in detail below.
Biothermomechanical Model of Skin Tissue.
It is now widely accepted that thermal pain is decided by temperature at the location of nociceptor, not at the skin surface ͓23,24͔. Besides, when skin is heated to a temperature beyond the thermal threshold ͑ϳ43°C͒, thermal damage of skin tissue is accumulated. The thermal damage causes the cells to break down and release a number of tissue by-products and mediators, which will activate and sensitize nociceptors ͓25͔. Furthermore, thermally induced stresses due to the nonuniform temperature distributions may also lead to the sensation of thermal pain, in addition to the pain generated by Fig. 2 Response of nociceptor to noxious thermal stimulus †52 ‡: "a… heat current; "b… action potential generated by a thermal stimulus heating alone. Supporting experimental evidence shows that, for the same level of nociceptor activity, a heat stimulus evokes more pain than a mechanical stimulus, and that tissue deformation due to heating and cooling may explain the origins of pain ͓26,27͔. Our previous numerical study also showed that thermal stresses induced by heating may exceed the mechanical threshold of nociceptors ͓28͔.
A thermomechanical model of skin tissue has been developed in our previous study ͓28͔. The skin is treated as a layered-"laminated"-material according to its real structure ͑Fig. 3͑a͒͒, whose overall properties are assembled in a composite manner, as shown in Fig. 3͑b͒ . For example, for a four-layer skin model ͑N =4͒, Layers 1, 2, 3, and 4 correspond to stratum corneum, living epidermis, dermis, and fat layer, respectively. The description of its thermomechanical behavior is simplified as a "sequentially coupled" problem; in other words, the mechanical and thermal properties are independent of each other. Solutions of the temperature, thermal damage and thermal stress fields are given in the following sections.
3.1.1 Temperature. The transfer of heat in skin is mainly a heat conduction process, which is coupled to several additional complicated physiological processes; one of the most important is blood perfusion. Since the effect of blood vessels on heat transfer is strongly related to their sizes ͓29-32͔, a thermal equilibration length of blood vessels, L eq , was introduced to characterize the effects of blood vessels of different sizes on heat transfer. By definition, L eq is the length at which the difference between blood and tissue temperatures decreases to 1 / e of the initial value. The ratio of thermal equilibration length to actual vessel length ͑ = L eq / L͒ demonstrates the distinction of thermal significance. If L eq is significantly shorter than the characteristic length of blood vessel, L, blood will exit the vessel at essentially the tissue temperature. If L eq is much larger relative to L, the temperature of blood will not decay and it will leave the tissue at the inflow temperature ͓30,33͔. Since L eq for typical blood vessels in skin tissue is about 3 ϫ 10 −5 ϳ 2 ϫ 10 −4 m ͓34͔, which is considerably shorter than L, blood exits the vessel at approximately the tissue temperature. Consequently, the Pennes equation suffices for modeling skin heat transfer, given as ͓35͔
where , c, and k are the density, specific heat, and thermal conductivity of skin tissue, respectively; b and c b are the density and specific heat of blood, b is the blood perfusion rate; T a and T are the temperatures of blood and skin tissue; q met is the metabolic heat generation in the skin tissue, and q ext is the heat source due to other heating.
Thermal Damage.
The Arrhenius integration proposed by Henriques and Moritz ͓36͔ is used here to quantify thermal damage. The damage is represented as a chemical rate process, which is calculated by using a first order Arrhenius rate equation, whereby damage is related to the rate ͑k͒ of protein denaturation ͑a structural change in collagen caused by heating͒ and exposure time ͑͒ at a given absolute temperature ͑T͒. A dimensonless measure of thermal injury ⍀ was introduced and its rate k was postulated to satisfy ͓36͔ 
or, equivalently,
where A is a material parameter ͑frequency factor͒, E a is the activation energy, and R = 8.314 J / mol K is the universal gas constant. The dimensionless indicator of damage, ⍀, is, in fact, the logarithm of relative concentration of "reactants" ͑undenatured collagen͒ in collagen denaturation process ͓37͔:
where C͑0͒ is the initial concentration and C͑t͒ is the concentration of undenatured collagen remaining at time t. The degree of thermal denaturation ͑percentage of denatured collagen͒ can be calculated as
where Deg is the degree of thermal damage ͑Deg= 0 equals no damage while Deg= 1 equals full damage͒. Here, Deg is assumed to represent the degree of inflammation induced by thermal damage since no study has been reported on their quantitative relationship.
Thermal Stress.
When the skin is heated, nonuniform temperature distribution both in time and space is evocated, which will cause thermally induced stresses in skin tissue. For a given temperature history, the corresponding stress distribution in the "laminated" skin layer can be calculated as ͓28͔
where is the in-plane stress ͑parallel to skin surface͒; Ē = E / ͑1 − 2 ͒, = ͑1+͒, E is the Young modulus, is the Poisson ratio, is the thermal expansion coefficient, ͑C 1 , C 2 , C 3 ͒ are the materials constants depending on the relative thickness of each layer of skin tissue, and j is the layer number, as shown in Fig. 3͑b͒. 3.2 Model of Current Generation. As described above, pain signal starts from the current induced by the opening of ion channels in nociceptors. Since ion channels are generally gated by three different stimuli ͑thermal, mechanical, and chemical stimuli͒, there are correspondingly three different currents. The total stimulation-induced current may be calculated as
where I heat , I chem , and I mech are the currents due to the opening of thermally, chemically, and mechanically gated ion channels, respectively.
Thermally Gated
Channels. The heat current ͑I heat ͒ is assumed to be a function of nociceptor temperature ͑T n ͒ and thermal pain threshold ͑T t ͒, given as
Here, T t is assumed to be 43°C ͓20,38͔.
Chemically Gated
Channels. The chemical current ͑I chem ͒ is assumed to depend on the thermal damage degree of skin tissue ͑Deg͒, as
Mechanically Gated
Channels. The mechanical current ͑I mech ͒ is assumed to be a function of the stress at the location of nociceptor ͑ n ͒ and mechanical pain threshold ͑ t ͒, as
where t is assumed to be 0.2 MPa ͓39͔.
Model of Frequency Modulation.
When the evocated current overpasses certain threshold, action potential is generated. It is now accepted that the intensity of external stimulation is carried through the frequency of these impulses ͑f s ͒, not the exact magnitude or shape of the signal. The frequency can be calculated as
Unfortunately, there exists no study on the quantification of current-frequency relation. We need, therefore, to choose a model for the generation of action potential. Although there has been no analysis of nociceptor kinetics, all neurons have been found to behave qualitatively similar to that described by the HodgkinHuxley ͑HH͒ model ͓40͔. Although the original HH model was developed based on test data from squid axon, it has been extended, with relatively minor modifications, to myelinated axons ͓41͔ and muscle fibers ͓42,43͔. Various HH-form models have also been developed for modeling human sensations, such as mechanical ͓44-48͔ and thermal sensations ͓49,50͔. The HH form model is used below to model the frequency modulation of skin nociceptors.
The electrical behavior of membrane in the classical HH model can be represented by a network, as shown in Fig. 4͑a͒ . The Transactions of the ASME through membrane electrical current is induced by either charging the membrane capacity or transport of ions through the resistances in parallel with capacitance. The ionic current is composed of three components, namely, current carried by sodium, current carried by potassium ions, and a small "leakage current" carried by chloride and other ions. Mathematically, the model can be described as
where V m is membrane potential ͑depolarization positive͒ ͑mV͒; t is time ͑ms͒; C m is membrane capacity per unit area ͑F / cm 2 ͒; I st is stimuli induced current density, positive outward ͑A / cm 2 ͒; I Na , I K , and I L are the sodium, potassium, and leakage current components ͑A / cm 2 ͒, respectively. Each of the above three ionic currents is driven by a force, which, for convenience, may be measured as an electrical potential difference and a permeability coefficient ͑conductance͒ ͓40͔. The conductances of ionic currents are regulated by voltage-dependent activation and inactivation variables ͑gating variables͒, given as
where x is the gating variable;
and ␤ x being rate constants ͑in s −1 ͒; x ϱ ͑V m ͒ is the steadystate voltage-dependent ͑in͒activation function of x, and x ͑V m ͒ is voltage-dependent time constant. Furthermore, x ϱ ͑V m ͒ and x ͑V m ͒ can be calculated as ͓51͔
where the steady-state value x ϱ ͑V m ͒ is a sigmoidal function, with half activation ͑or inactivation͒ at V m = x and a slope proportional to 1 / x ; x ͑V m ͒ is the time constant and has a bell-shaped curve with maximum at V m = x and a half-width determined by x ; x fac is the scaling factor. Thus, each gating variable is described by only three parameters, which, in principle, can be measured experimentally.
Preliminary Results and Model Revision
It has been found that the initiation component of neural impulse is highly nonlinear. However, at current understanding, it is not sure if this is due to the response characteristics of nociceptors. We will first apply a simple model to quantify neural impulse initiation. The input is thermal stimulus at the location of nociceptors, and the output is the time history of nerve impulse initiated, from which the frequency can be derived.
Preliminary Results.
For preliminary study, the standard HH model is used, which incorporates three kinds of channels, as shown in Fig. 4͑a͒ . The voltage-gated sodium channels mediate the rapid increase in Na + conductance during the initial phase of action potentials, while the voltage-gated noninactivating potassium channels ͑delayed rectifiers͒ are responsible for the shape of action potentials, as the outward current through these channels repolarizes the membrane potential. The leak channels contribute to the resting membrane potential. The model is given as ͓40͔
where E Na , E K , and E L are separately the reversal potentials for sodium, potassium, and leakage current components given by the Nernst equation ͑all in mV͒; ḡ Na , ḡ K , and g L are the maximal ionic conductance through sodium, potassium, and leakage current components ͑all in mS/ cm 2 ͒, respectively. The various voltageand time-dependent parameters ͑m, n, h͒ have already been defined in Eq. ͑13͒, where ␣ x and ␤ x are calculated as ͓40͔ 
͑19͒
At the preliminary stage, only heat-gated ion channels are considered for the generation of stimulation current I st . Unfortunately, there is yet no experimentally obtained quantitative relationship between stimuli and current available in the literature, and there is no consensus of any standard model for this. However, it has been shown that the current is exponentially proportional to the stimulus ͓52͔, so that the following relation may be assumed:
where C h1 , C h2 , and C h3 are the constants, and H͑x͒ is the Heaviside function. With the current input range in mind, the constants are chosen as C h1 = 0.382 A / cm 2 , C h2 = 0.064, and C h3 = −0.355 A / cm 2 . As for the original HH model itself, there exists a threshold current for action potential generation, which varies with different choices of relevant parameters in the model. In order to account for this, a shift current ͑I shift ͒ is added to Eq. ͑20͒ to ensure that action potential is generated when T n ജ T t , while none is generated if T n Ͻ T t :
The whole group of governing equations are solved using an explicit Runge-Kutta formula and the Dormand-Prince pair ͓53͔ under MATLAB ͑version 6.5.1, The Mathworks, Natick, MA͒; the parameters given by Hodgkin and Huxley for squid axon ͓54͔ are selected: C m = 1.0 F / cm 2 , E Na =55 mV, E K = −72 mV, ḡ Na = 120 mS/ cm 2 , ḡ K =36 mS/ cm 2 , G L = 0.3 mS/ cm 2 , x fac =1. The membrane potential and frequency responses under stimuli of different nociceptor temperatures ͑T n ͒ for a fixed duration of 0.4 s are presented in Figs. 5͑a͒ and 5͑b͒ . From the figure, it can be seen that the persistent stimulus results in an ongoing firing of action potentials, with both the frequency and amplitude of the generated action potential governed by stimulus strength. The frequency increases nonlinearly with increasing stimulation intensity ͑see Fig. 5͑b͒͒ : from 50 Hz at T n = 43°C to 105 Hz at T n =55°C. However, when compared to existing experimental observations of nociceptors in mouse glabrous skin ͓38͔, as shown in Figs. 6͑a͒ and 6͑b͒, the variation of frequency with stimulus intensity predicted by the preliminary model differs in two major respects. The first is that the minimum nerve impulse frequency predicted by the model is much larger than afferent units observed in experiments ͓55-58͔. For example, Fig. 6͑b͒ gives a frequency range of 0 -8 Hz when the heat stimulus falls within the range of 35-51°C, much smaller than the model prediction in Fig. 5 . Meyer and Campell ͓56͔ also found that, under a skin surface stimulus of 53°C, the maximum discharging frequency of CMH nociceptors is about 10 Hz while AMH has a maximum value of 20 Hz. Similar results have been reported for other sensory terminals ͓54,59,60͔, which are found to fire at a rate much slower ͑as small as 1 Hz or 2 Hz͒ than that predicted with the HH equations. It is, therefore, necessary to decrease the rate of channel kinetics.
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The second major discrepancy is that the firing frequency jumps discontinuously to a nonzero value rather than rising continuously at the threshold temperature, as can be seen from Fig. 5͑b͒ : When T n Ͻ T th , there is no repetitive response, while at higher intensities, the nociceptor suddenly begins firing a train of impulses at a relatively high rate ͑50 Hz͒. However, this phenomenon has not been experimentally observed in nociceptors ͓38͔, as shown in Fig.  6͑b͒ .
Model Revision.
Several methods can be adopted to solve the problems associated with the preliminary model. The first one is to change the rates of existing channels in the HH equations themselves. When the rate of channel kinetics is decreased by decreasing the rates, a very high membrane resistance in the threshold range is produced and thus a lower firing frequency can be achieved ͓61-63͔. However, modifying the rates alone does not change the fundamental nature of channel kinetics. The qualitative form of simulated frequency responses with different rates are very similar to that with the original equations ͓61͔, while frequency in the lower range becomes extremely sensitive to stimulus intensity ͓62͔. There are several other potential ways for solving the problems with the original HH model and we adopt the following two in this study.
Consideration of Temperature Influence. Temperature is one of the most important factors which regulate neuronal activities ͓64,65͔. Several membrane properties have been found to be temperature dependent ͓66,67͔, such as generation threshold, resting membrane potential, membrane resistance ͑input impedance͒, gating kinetics of ion channels, and hence the generation and the shape/amplitude of action potentials. For example, as the temperature is increased, it was found that the duration of action potential is reduced and its amplitude decreased ͓68͔. However, the original HH model was developed as approximations of experimental results measured at a fixed temperature of 6.3°C. In order to consider the temperature effect, the following revisions are adopted.
Temperature Corrections of Rate Constants.
In order to consider temperature effect on the gating factor of ͑in͒activation speed of ionic channel, Eq. ͑13͒ in the HH model can be adjusted by adding a temperature coefficient C Tx , as
It is assumed that the temperature coefficient C Tx depends on the difference of actual temperature T and laboratory temperature T 0 , defined as
where Q x is a special constant that gives the acceleration in membrane behavior when the temperature is increased by 10°C. Hodgkin and Huxley found Q 10 = 3 to be an adequate coefficient for squid membranes with T 0 = 6.3°C ͓40͔. In this study, T 0 = 32°C is chosen as the reference temperature, since it coincides with the lower temperature limits in most neurophysiological experiments ͓51͔ and lies within the reasonable physiological range of human body.
Temperature Corrections of Maximum Conductances.
The maximum conductances ͑ḡ Na , ḡ K , and g L ͒ should also be taken as temperature dependent, especially for simulating processes near the threshold region of stimulation ͓68,69,71͔. Different formats of correcting factor have been suggested ͓69,71͔. Transactions of the ASME
where Q x was found to be in the range of 1-1.5 for giant axon ͓69͔. According to Moore's experiments ͓71͔, Fitzhugh ͓70͔ suggested another factor, C 1 ͓1+C 2 ͑T − 6.3͔͒, for temperature induced changes in ionic conductances, where C 1 = 4 is the ratio between the ionic conductances of axon at 6.3°C and the values used by Hodgkin and Huxley, while C 2 = 0.061 is the changing rate of conductance with temperature. In this study, with reference temperature of 32°C, the format suggested by Hodgkin et al. ͓69͔ is adopted:
Temperature Corrections of Reversal Membrane
Potential. The reversal membrane potentials of ion channels are determined with the Nernst equation, which is temperature dependent. The temperature-dependent reversal membrane potential V Na and V K can be calculated as ͓49͔
where ͓K͔ e and ͓K͔ i are the external and internal concentrations of potassium ions, ͓Na͔ e and ͓Na͔ i are the external and internal concentrations of sodium ions, given by ͓K͔ e = 20 mM, ͓K͔ i = 400 mM, ͓Na͔ e = 440 mM, and ͓K͔ i =50 mM ͓72͔; F = 9.6485 ϫ 10 4 C / mol is the Faraday constant; R = 8.314 J / mol K is the universal gas constant. The normal condition is set as T =32°C, V Na = 57.19 mV, and V K = −78.78 mV. The reversal potential of E L = −63.79 mV is obtained by adjusting E L so that the −60 mV equilibrium membrane potential is achieved.
For preliminary modeling, Eqs. ͑22͒-͑26͒ are adopted with Q x = 3 for Eq. ͑23͒ and Q x = 1.5 for Eq. ͑24͒. However, in the stimulus range of T n = 43-55°C, no action potential generation can be achieved. This phenomenon is known as "heat block" or "temperature block," as observed in the experiments ͓73-75͔. It is mainly due to the comparatively large values of Q x in Eqs. ͑23͒ and ͑24͒, which are derived from experimental data of squid axon. For mammalian nerves, it has been found that Q x is comparatively smaller, for example, Q 10 = 1.3 was assumed for the maximum conductances of thermal receptor ͓50͔. In view of these, Q x = 1.2 is chosen for both Eqs. ͑23͒ and ͑24͒. The results ͑not shown here for brevity͒ showed that the rise of temperature causes a fastened time course and lower amplitudes of generated action potentials. However, compared to Fig. 6 , a firing frequency jump to a nonzero value still exists. This can be solved by the addition of new ion channels, as illustrated below.
Addition of Transient K + Channels Neurons in higher organisms have different electrophysiological properties much more than the squid axon studied by Hodgkin and Huxley, which has been shown to be mainly attributable to the large variety of different ion channels ͓54,76,77͔. Specifically, it has been established that the presence of transient K + channels leads to regulated discharge patterns of neurons ͓78-81͔. Transient K + channels are then added to our model, as schematically shown in Fig. 4͑b͒ . The system can be described mathematically as
There are different forms of K + conductance. One of the most often used was the fast transient K + current ͑I A ͒, which has been experimentally observed in a variety of neurons that display repetitive firing ͓51,82,83͔. Connor and Stevens ͓79͔ suggested that the potassium A-current can be expressed by
where ḡ A = 47.7 mS/ cm 2 , and ͑A , B͒ are factors having the same functional significance as factors m and h of the sodium conductance system, given as ͓78͔ 
ͬ ͑30͒
Due to the additional channel, the −60 mV equilibrium membrane potential has been achieved by readjusting the reversal potential of leak current E L . The parameters used for the revised model are C m = 2.8 F / cm 2 , ḡ Na = 120 mS/ cm 2 , ḡ K =36 mS/ cm 2 , G L = 0.3 mS/ cm 2 , A fac = B fac = 7.0, m fac = h fac = 0.263, and n fac = 2.63. The membrane potential and frequency responses predicted with the modified model under stimulus of different nociceptor Fig. 6 , it can be seen from Fig. 7 that a good agreement is achieved for both the response shape and intensity-response relationship. In particular, with the revised model, the predicted neural impulse rate is comparable to that of actual nociceptors. Exponential growth of response frequency with increasing stimulus intensity has also been observed in C nociceptors in monkey skin ͓57͔.
The large decrease in response frequency can be attributed to the modified sequence of events ͑described in HH model͒ as a result of the added transient potassium conductance ͓51,84͔. Immediately following the action potential and after hyperpolarizing potential, as the membrane starts to depolarize, A-current ͑I A ͒ is activated and an outward potassium current flows in a direction opposite the applied current, which slows the rate of depolarization on the firsts pike and prolongs the membrane hyperpolarization. This leads to increased interspike intervals and, therefore, serves as a damper on the generation of action potentials. Shortly afterward, however, the inactivation of I A begins, which allows the membrane to slowly depolarize. For stronger input pulses, the rise in I A is increasingly bypassed as the membrane potential moves more rapidly through its voltage range of activation.
In summary, by considering the temperature effect and adding transient K + channels to the original HH model, frequency response behaving in a manner consistent with experimental observation has been achieved. The application of the revised model is given in the next section through case study.
Case Study
5.1 Description of Problem. In this section, a case study of skin heating with constant surface temperature is carried out to illustrate the applicability of the revised HH model. The skin is initially kept at constant normal temperature. At t = 0, its surface is suddenly taken into contact with a hot source of constant temperature T s for 5 s ͑i.e., the surface temperature is instantaneously raised to T s ͒. The depth of nociceptors is assumed to vary in the range of 25 m ഛ z n ഛ 200 m. With the skin thermomechanical model introduced earlier, the temperature history of nociceptor is obtained first, which is then used as the input for the neural model.
The skin is divided into four layers with different properties: stratum corneum, epidermis, dermis, and subcutaneous fat. Blood perfusion is only considered in the dermis layer while metabolic heat generation is considered in all four layers. The relevant parameters used for both heat transfer and thermal stress analyses are summarized in Tables 1 and 2 . From Fig. 8͑a͒ , it can be seen that the nociceptor temperature increases nearly exponentially with heating, tending eventually to a constant value with time. The temperature at a nociceptor located closer to skin surface is much larger, e.g., at t = 5 s the temperature at z n =25 m is almost 5°C higher than that at z n = 200 m. The variation of membrane voltage with time is plotted in Fig. 8͑b͒ . The generation frequency of action potential spikes increases with time and, similar to temperature, it tends to be a constant value. At the same time, the frequency increases as the nociceptor depth is reduced, which can be better seen from the frequency history shown in Fig. 8͑c͒ . It has been shown that pain level is decided by signal frequency: Torebjork et al. ͓85͔ observed a linear relationship between the mean responses of CMHs recorded in awake humans and the median ratings of pain. Therefore, it can be seen from our results that the pain level ͑frequency͒ is higher if the nociceptor is located closer to the surface of skin under the same stimulus intensity. This may be used to explain why different pain thresholds were obtained by different studies for the same stimulus ͓23,24͔.
Influence of Stimulus
Intensity. The magnitude of skin surface temperature is expected to have a great effect on pain. Figures 9͑a͒ and 9͑b͒ plot the temperature and frequency responses as functions of time for selected values of skin surface temperature, with the nociceptor depth fixed at z n =50 m. The nociceptor temperature increases much quicker under higher surface heating temperatures, with the temperature difference between T n almost equal to that of T s for t Ͼ 1 s ͑see Fig. 9͑a͒͒ . This temperature difference is better shown in plots of frequency, as can be seen from Fig. 9͑b͒ .
Role of Thermal Stress and Thermal Damage.
To examine the role of thermal stress and thermal damage, currents due to the opening of chemical-gated ͑I chem ͒ and mechanical-gated ͑I mech ͒ ion channels are added to the stimulation current ͑I st ͒. The result obtained with this current ͑I st = I heat + I chem + I mech ͒ are then compared to that considering only I heat . Since no experimental data are available, a simple linear relationship between the generated currents and stimuli is assumed for both I chem and I mech , given as
where C c = C m =20 A / cm 2 is assumed. The skin is initially kept at constant temperature. At t = 0, the skin surface initially at normal temperature is suddenly taken into contact with a hot source of constant temperature T s =55°C ͑i.e., the surface temperature is instantaneously raised to 55°C͒; after contacting for 5 s, the hot source is removed and the skin is cooled by natural convection of environmental air ͑T e =25°C, h =8W/ m 2 K͒ for 5 s. The nociceptors are assumed to be located at a depth of 50 m.
The thermomechanical responses of skin tissue are plotted as functions of time in Figs. 10͑a͒-10͑c͒ , while neural responses of the nociceptor with and without considering I chem and I mech are compared in Figs. 11͑a͒ and 11͑b͒ . It can be seen from these results that, during heating, the pain level ͑frequency͒ increases continually, peaking at about t = 5 s. Although heating is stopped at t = 5 s, there is still generation of action potential for both cases since temperature at the nociceptor location is still higher than the threshold ͑see Fig. 10͑a͒͒ . For the model without considering I chem and I mech , after the peak, the pain level decreases quickly due to the lowering of temperature and, at about t = 7 s, the generation of action potential stops due to T n dropping below the threshold. In comparison, the pain level obtained from the model with I chem and I mech included is still high despite the ending of heating; even during the heating process, the model predicts a higher frequency Fig. 8 Influence of nociceptor location on transduction: "a… temperature; "b… membrane voltage variation; "c… frequency response than that predicted from the model considering I heat alone. This is mainly attributed to the influence of thermal damage ͑I chem ͒, since the thermal stress is smaller than the mechanical threshold of nociceptor ͑see Fig. 10͑c͒͒ so that I mech = 0. Thermal damage has been accumulated in skin tissue during heating, which is an irreversible process. Thus, the thermal damage will cause the cells to break down and release a number of tissue by-products and mediators that keep the chemically gated ion channels fully opened. This models the mechanism why people still feel pain even when a noxious heat source has been removed from skin, a common phenomenon called hyperpathia.
Concluding Remarks
An analytical model of nociceptor transduction in skin thermal pain has been developed by introducing the skin thermomechanical model and considering the current biophysical and neurological mechanisms of pain sensation. The concepts of bioengineering are coupled with established methods in neuroscience, and the biological behavior of skin is recasted in engineering systems parlance. The model development has been made consistent with the known morphology and physiology of skin tissue. It has been demonstrated that the model is capable of capturing the essential properties of experimentally measured frequency responses. With future experimental validation, the model may be used to facilitate further examination of skin thermal pain sensation.
There are nonetheless several limitations of the model. Transactions of the ASME ͑1͒ In developing our model, given the limited knowledge about noxious stimuli-sensitive ion channels and our desire for simplicity, a simple approximation between the noxious stimuli applied to the nociceptors and the generator current has been assumed, although it would be desirable to incorporate the actual noxious stimuli-sensitive ion channels into the model for compatibility with other models of excitable membranes. However, the addition of actual ion channels cannot be achieved until more is known about these channels. ͑2͒ In the model, the neurons are assumed to be one point, whose numbers and real shape are not taken into account. We will, therefore, need to consider the actual morphology of the neuron. Besides, the HH model adopted in our model is original for unmyelinated nerve fiber ͑axon͒, while nociceptors are found both unmyelinated ͑C fiber͒ and myelinated ͑A fiber͒. ͑3͒ The skin is assumed to be a thermoelastic material although viscoelasticity has been shown to play an important role in the mechanical behavior of skin ͓86-89͔ and touch sensation ͓61,90-92͔. ͑4͒ The parameters used in our model are not initially obtained from experiments on nociceptors, which is due to the fact that there is no appropriate experimental or theoretical data about skin nociceptors. ͑5͒ It is assumed that the mechanically gated ion channels are gated by stress. However, the "relevant" mechanical stimulus that activates nociceptors ͑local stress or local strain͒ is still not clear ͓93͔.
The above deficiencies of the model will be addressed in our future theoretical and experimental studies.
